h-BN and Ga2O3 are two promising semiconductor materials. However, the band alignment of the Ga2O3/h-BN heterojunction has not been identified, hindering device development. In this study, the heterojunction was prepared by metalorganic chemical vapor deposition and pulsed laser deposition. Transmission electron microscopy confirmed sharp heterointerface and revealed structural evolution as amorphous-Ga2O3 grew thicker on lattice mismatched h-BN. The valence and conduction band offsets were determined by high-resolution X-ray photoemission spectroscopy to be 1.75 ± 0.10 and 3.35-3.65 ± 0.10 eV, respectively, corresponding to a type-II heterojunction. The extremely large type-II band offsets along with indirect bandgap of Ga2O3 may be leveraged for exceptional electron confinement and storage.
(MOCVD), 8) and mist chemical vapor deposition (CVD). 9) Currently, sapphire and Ga2O3 native substrates are the most commonly studied substrates for growing Ga2O3 thin films. However, neither sapphire nor Ga2O3 substrate is a good thermal conductor, which hinder the application for Ga2O3-based power device on sapphire/Ga2O3 substrate due to heat dissipation issue. 10) Hexagonal boron nitride (h-BN) with a wide band gap (~6.00 eV) has a very high thermal conductivity of ~300 Wm -1 K -1 at room temperature, close to common thermal conductors such as silver (476 Wm -1 K -1 ) or copper (402 Wm -1 K -1 ). 11) Due to its hexagonal structure, it has been extensively used to grow high quality graphene and has emerged as a building block for van der Waals heterojunctions. 12) h-BN has been used in various device applications, such as BN/graphene/BN field-effect transistors 13) and UV lasers achieved by electron-beam excitation source. 14) Furthermore, one boron isotope, 10 B, has one of the largest neutron capturing cross section (3835 barn) among all the chemical elements. 15) Therefore, a compact solid-state neutron detector made by h-BN has the potential to replace bulk conventional 3 He netron detector in the future. MOCVD was recently used to grow wafer-size h-BN films. 16) Recently, the Ga2O3/h-BN-based MISFET 17) and MISHEMT 18) using h-BN as gate dielectric layer have been reported. To design and operate devices, the conduction and valence band offsets are very important parameters since they determine the energy barriers for electron and hole transport amid a heterojunction. To date, however, there has not been any work reporting on the band offsets of the Ga2O3/h-BN heterojunction.
In this study, we investigated the band offsets of the Ga2O3/h-BN heterojunction. The growth of Ga2O3 and h-BN thin films was conducted by PLD and MOCVD, respectively. The Ga2O3/h-BN heterointerface was studied by high-resolution transmission electron microscopy (HR-TEM). The binding energies and core levels were investigated by high resolution X-ray photoelectron spectroscopy (HR-XPS). Then, the valence and conduction band offsets (ΔEV and ΔEC) were determined. h-BN sample was taken out of the N2 glovebox and transferred to the PLD chamber which was not connected to the MOCVD system without any ex-situ cleaning process. In this process, the h-BN sample was exposed in the air for a few seconds (opened sample container) before loading into the PLD chamber. The Ga2O3 films were deposited by a Neocera Pionner 180 PLD system, equipped with a Coherent 205F laser working at 248 nm and a base pressure of less than 1×10 -7 Torr. These films were grown at 575 °C with 5 mTorr O2 partial pressure. A one-inch Ga2O3 target (PVD Products) was ablated at 5 Hz and energy density of ~2 J/cm 2 . The target to substrate distance was 10 cm. The target and substrate rotation speeds were 90 and 20 RPM, respectively. Before Ga2O3 deposition, the target was ablated for 2,000 pulses to clean the target surface. The number of laser pulses for Sample 2 was 30,000 pulses and for Sample 3 was 160 pulses. Except the number of laser pulses, Sample 2 and Sample 3 had the same PLD condition. The Ga2O3 and Ga2O3/h-BN samples were loaded into the XPS chamber after Ga2O3 deposition without any ex-situ cleaning process. Another h-BN sample was taken out of the N2 glovebox of the MOCVD system and transferred to the XPS chamber without any ex-situ cleaning process. It was the standard process that in-situ Ar + ion beam cleaning was applied to remove any ultra-thin oxide layer and contamination before the HR-XPS measurement.
The crystal structure was examined amid 2θ-ω scans by a Bruker D8 Advance X-Ray Å, and =103.7° (angle between "a" and "c" axes). 29) By inserting these parameters into Eq. (1) for a monoclinic lattice, we obtain the spacing of (-201) which is equal to 4. (1)
The HR-XPS experiment was carried out by a Kratos Axis Supra DLD spectrometer with an Al K X-ray source (h=1486.6 eV) with 150 W power, base pressure of 10 -9 mbar, and a multiple channel plate. The measured binding energies were referenced to the C 1s binding energy of carbon contamination (284.8 eV). The resolution of the peak position in the XPS spectra was estimated to be 0.10 eV. For the core level spectra, experimental data points were fitted by the Voigt (Gaussian-Lorentzian function) curve after considering a Shirley background, while the valence band maxima (VBM) energy in the spectrum was determined by extrapolating a linear fit of the leading edge of the valance band photoemission to the baseline.
According to the Kraut's method, the valence band offset (ΔEV) and conduction band offset (ΔEC) of the Ga2O3/h-BN heterojunction can be calculated as follows: The results of this study were incorporated into the band diagram shown in Figure 5 . It suggests that the Ga2O3/h-BN heterojunction is type-II (staggered gap). The reported band alignments for wurtzite AlN and GaN with Ga2O3 6, 38) were also included in Error! Reference source not found.5
as reference. The ΔEC and ΔEV of the Ga2O3/h-BN heterojunction are larger compared to those of heterojnctions formed between AlN and GaN, and Ga2O3. There could be different applications of the investigated heterojunction in optoelectronics and electronics. In particular, it is worth mentioning that the very large band offsets and indirect band gap of Ga2O3 could make an h-BN/Ga2O3/h-BN double heterojunction an exceptional candidate to confine and store electrons within the Ga2O3 layer (electron well), which could be employed in devices such as non-volatile memory. 39, 40) It is important to note that this double heterojunction cannot be realized by bulk 
